Evolutionary theory holds that aging is a consequence of the declining force of natural selection with age. We discuss here the evidence that among the causes of aging in complex multicellular organisms, such as mammals, is the antagonistically pleiotropic effects of the cellular responses that protect the organism from cancer. Cancer is relatively rare in young mammals, owing in large measure to the activity of tumor suppressor mechanisms. These mechanisms either protect the genome from damage and/or mutations, or they elicit cellular responsesapoptosis or senescence-that eliminate or prevent the proliferation of somatic cells at risk for neoplastic transformation. We focus here on the senescence response, reviewing its causes, regulation and effects. In addition, we describe recent data that support the idea that both senescence and apoptosis may indeed be the double-edged swords predicted by the evolutionary hypothesis of antagonistic pleiotropyprotecting organisms from cancer early in life, but promoting aging phenotypes, including late life cancer, in older organisms. # 2004 Published by Elsevier Ireland Ltd.
Introduction
There have been extraordinary advances in the last decade in understanding the evolution of genomes and the genetic basis for aging. The idea that aging is under genetic control may now seem obvious, especially considering the sometimes large differences in life span among organisms with comparatively similar genomes (Williams, 1957) . Recent discoveries, however, have explicitly identified evolutionarily conserved genes that are important regulators of life span, as well as early life fitness, among diverse species (Guarente and Kenyon, 2000; Kirkwood and Austad, 2000; Walker et al., 2000; Finch and Ruvkun, 2001) . In general, these recent findings support modern evolutionary theories of aging. They have uncovered candidate genes on which evolution likely acted to produce species-specific life spans, and elucidated conserved pathways within organisms that link metabolism, reproduction and life span. At present, we still know remarkably little about the cellular and molecular bases for longevity differences among species.
However, owing in large measure to our recent understanding of the genetic similarities in longevity pathways among species, we are gaining important insights into the mechanisms that control aging within species.
Here, we review the evolutionary theory of antagonistic pleiotropy, and emerging evidence that aging in complex multicellular organisms is caused in part by the antagonistically pleiotropic effects of tumor suppressive mechanisms-mechanisms that evolved to prevent the development of cancer in young organisms.
Evolution of life spans and cancer

Environment and the evolution of genomes
An obvious tenet of any evolutionary theory is that hereditable traits, including species-specific life spans, are controlled by genes, and that these genes in turn evolved in response to environmental pressures. In addition, the environments in which genomes evolve are typically fraught with natural hazards-predators, infection, food scarcity, harsh climatic conditions, etc., which generally kill
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organisms long before they reach ''old age''. That is, the environments in which genomes evolve typically eliminate reproductively fit organisms at relatively young ages. Consequently, any gene mutation or multi-gene process that has deleterious albeit delayed effects-delayed with respect to the average age at which the environment eliminates organisms-will be retained. Thus, aging is thought to occur because phenotypes that have escaped the force of natural selection persist (Williams, 1957; Kirkwood and Austad, 2000; Finch and Ruvkun, 2001) .
Consider, now, that genomes evolve relatively slowly, and that environments can change relatively rapidly. This is precisely what has happened to modern humans. We have, very rapidly on evolutionary time scales, eliminated many of the extrinsic hazards that dominated the environments in which our genome evolved. Parenthetically, we have also done this for our favorite animal models for biomedical research, at least within the confines of our animal colonies! Hence, aging-those delayed deleterious phenotypes that escaped the force of natural selection during evolution-is pervasive, especially among developed populations, which have been most successful in eliminating extrinsic hazards.
Cancer and age-related disease
Just as aging is considered by evolutionary biologists to be a consequence of the declining force of natural selection with age, age-related diseases can be considered phenotypes that have escaped the force of natural selection. Age-related diseases are generally considered to be degenerative in nature, a result of the overall decline in tissue structure and function that is a hallmark of aging. There are, however, exceptions. The most notable of these is cancer.
In simple terms, cancer can be considered a gain-offunction disease (discussed further below). That is, cells must acquire functions (e.g., hyperproliferation, resistance to cell death, migratory and invasive properties) in order to give rise to malignant tumors. Of particular interest, cancer is not a universal feature of aging. There are many organisms, including some of our favorite organisms for studying aging (Drosophila melanogaster; Caenorhabditis elegans), which never develop cancer. Here, we define cancer as an ectopic mass of supernumerary cells that develops postnatally and has the potential to kill the organism. What distinguishes organisms that do and do not develop cancer? One obvious distinction is the presence of renewable somatic tissues-somatic tissues that contain dividing or division-competent cells-in the adults. Thus, cell division in adult somatic tissues appears to put organisms at risk for developing cancer. This is not surprising, given that we now know that DNA replication puts cells at endanger for acquiring and fixing mutations (Kunkel and Bebenek, 2000; van Brabant et al., 2000; Friedberg et al., 2002; Thompson and Schild, 2002) , and that somatic mutations are a major cause of cancer (Bishop, 1995; Simpson and Camargo, 1998; Gray and Collins, 2000; Knudson, 2000) .
Why would evolution select for organisms with renewable tissues, given the danger of developing cancer? The benefits of renewable tissues-the ability to regenerate or repair tissues damaged by injury or endogenous degenerative processes-may have outweighed their risks, in conjunction with the co-evolution of mechanism to suppress cancer (discussed below). Moreover, we speculate that the evolution of renewable tissues afforded organisms long life spans.
Tumor suppressor mechanisms
Because cell division can lead to mutations and hence cancer, organisms with renewable tissues had to evolve strategies to prevent the cancer. Collectively, these strategies are termed tumor suppressor mechanisms. Tumor suppressor mechanisms can, in general, be broadly classified into two major categories-caretakers and gatekeepers (Kinzler and Vogelstein, 1997) .
Caretaker tumor suppressors act on the genome, generally by preventing or repairing DNA damage. Thus, caretaker tumor suppressors restrain the development of cancer by suppressing the development of mutations. Since mutations not only cause cancer, but have also been proposed to independently contribute to aging, genes that encode caretaker tumor suppressor functions are straightforward longevity assurance genes (Martin, 1966; Dolle et al., 2002; Vijg and Dolle, 2002; Hasty et al., 2003) .
Gatekeeper tumor suppressors, by contrast, act on cells, causing them to die (apoptosis) or permanently arrest proliferation (senescence). Thus, gatekeeper tumor suppressors restrain the development of cancer by eliminating or preventing the growth (used here interchangeably with growth) of potential cancer cells. In contrast to the caretakers, we suggest that genes encoding gatekeeper tumor suppressors have both beneficial (anti-cancer) and deleterious (pro-aging) effects, depending on the age of the organism. That is, gatekeeper tumor suppressors are an example of evolutionary antagonistic pleiotropy, which, as discussed below, is hypothesized to explain at least in part why organisms age.
Antagonistic pleiotropy
Because aging is a consequence of the declining force of natural selection with age, traits that benefit young organisms-suppressing cancer, for example-can have unselected deleterious effects-driving aging phenotypes, for example-later in the life span. This is the concept of evolutionary antagonistic pleiotropy (Williams, 1957; Rose, 1991; Kirkwood and Austad, 2000; Finch and Ruvkun, 2001) . In simple terms, antagonistic pleiotropy holds that what is good for an organism when it is young can be bad for
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it when it is old. Antagonistic pleiotropy occurs because genes with the ''good'' attributes of optimizing the fitness of young organisms evolved under the pressure of natural environments, in which, as discussed above, extrinsic hazards are high and old organisms are relatively rare. If the same genes have ''bad'' attributes, but their manifestation is delayed-that is, manifest only after most of the population has been eliminated by extrinsic hazards-they cannot be eliminated by natural selection. Hence, genes with delayed deleterious actions (antagonistic pleiotropy) can persist. The consequences of their deleterious effects, then, are abundantly evident only in populations in which the hazardous environmental pressures have eased rapidly relative to the pace at which genomes evolve-the situation humans in the developed world (and mice in our animal colonies) now face.
How might the gatekeeper tumor suppressor genesthose that control apoptosis and cell senescence-be antagonistically pleiotropic?
Apoptosis prevents cancer by virtually eliminating cells that are damaged or otherwise potentially oncogenic (Reed, 1999; Green and Evan, 2002; Hickman et al., 2002) . On the other hand, apoptosis can eventually deplete tissues of their constituent cells and/or deplete the stem cell pools that replenish renewable tissues (Joaquin and Gollapudi, 2001; Weinstein and Ciszek, 2002; Zhang and Herman, 2002; Campisi, 2003a Campisi, , 2003b . Hence, with increasing age, apoptosis might cause an overall loss of tissue structure and function, a hallmark of aging. Apoptosis may be an especially important contributor to the degenerative diseases of aging.
Along the same lines of reasoning, cellular senescence prevents cancer by arresting the growth of potentially oncogenic cells (Sager, 1991; Bringold and Serrano, 2000; Lundberg et al., 2000; Reddel, 2000; Campisi, 2001 ). However, with increasing age, senescent cells, which are incapable of regeneration and show marked changes in function (discussed below), can accumulate. Again, this accumulation can lead to an overall loss of tissue structure and function (Campisi, 1996 (Campisi, , 2003a (Campisi, , 2003b Smith and Pereira-Smith, 1996; Faragher, 2000) . Like apoptosis, cellular senescence may contribute to the degenerative diseases of aging. In addition, because the secretory phenotype of senescent cells can alter the local tissue milieu, senescent cells may also contribute to the hyperproliferative diseases of aging, including-ironically-cancer (Campisi, 1997 (Campisi, , 2003a (Campisi, , 2003b .
At present, very little is known about what determines whether mammalian cells recover, die or senesce in the face of damage or stress. Some cell types-for example, T cells-are more prone to undergo apoptosis than senescence, whereas the opposite is true for other cell types-for example, fibroblasts. In addition, the level and type of stress may determine whether cells undergo an apoptotic or senescence response. Whatever the case, at least in mammals, both apoptosis and senescence important defenses against the development of cancer, yet both processes have the potential to be deleterious with time, and hence in older organisms.
Here, we review the evidence that the gatekeeper tumor suppressors that control apoptosis and senescence may be antagonistically pleiotropic. We focus our discussion primarily on the mammalian senescence response, which arguably has more complex age-related consequences in vivo than the apoptotic response, and for which there is mounting evidence for a role in aging. However, it is important to bear in mind that parallel arguments may hold for apoptosis.
The senescence response
Causes of senescence
The senescence response was first formally described as the process that limits the proliferation of human cells in culture (Hayflick, 1965) . We now know that this limit is due in large measure to the loss of telomeric DNA that occurs when cells that do not express telomerase undergo DNA replication (Levy et al., 1992; Wright and Shay, 2001 ). Telomeres, the DNA sequence and proteins that cap the ends of linear chromosomes, are essential chromosomal elements, loss of which causes genomic instability, an enormous risk factor for malignant transformation (Artandi and DePinho, 2000; Shay and Wright, 2001; Kim et al., 2002; Blasco, 2003) . Thus, the senescence response to short dysfunctional telomeres serves to arrest the growth of cells in danger of genomic instability, consistent with its role in tumor suppression.
In the last decade, it has become clear that many events and stimuli in addition to telomere dysfunction-all of which put cells at risk for neoplastic transformation-can induce a senescence response. These events include DNA damage (DiLeonardo et al., 1994; Chen et al., 1995; Robles and Adami, 1998) , as well as perturbations to chromatin organization (Ogryzko et al., 1996; Jacobs et al., 1999; Itahana et al., 2003; Narita et al., 2003) . They also include the expression of certain oncogenes (Serrano et al., 1997; Zhu et al., 1998; Dimri et al., 2000) that deliver supraphysiological mitogenic signals to cells, and the overexpression of certain tumor suppressor genes (Sugrue et al., 1997; McConnell et al., 1998; Dai and Enders, 2000; Dimri et al., 2000; Beausejour et al., 2003) . The most potent tumor suppressor genes that induce senescence when overexpressed are those that encode components of the p53 and pRB tumor suppressor pathways, both of which are crucial for the senescence response (Shay et al., 1991; Bringold and Serrano, 2000; Lundberg et al., 2000; Campisi, 2001; Itahana et al., 2001) .
The senescent phenotype
The senescence response is not a simple arrest of cell proliferation. Rather, senescent cells adopt a complex phenotype that entails many changes in gene expression (Cristofalo and Pignolo, 1993; Campisi et al., 1996; Faragher, 2000; Krtolica and Campisi, 2002) . In addition to imposing a block to cell cycle progression, the senescence response causes changes in cell morphology (generally, adoption of an enlarged flattened shape). It also renders many (although not all) cell types resistant to apoptotic signals. Furthermore, senescent cells acquire celltype specific functional changes. Thus, senescent cells fail to proliferate, but also become resistant to elimination by apoptosis and do not function normally. We hypothesize that the resistance to apoptosis may explain why senescent cells accumulate, while their altered function may explain how they contribute to aging and age-related disease.
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What are the functional changes that accompany the senescence response? These changes have been best characterized in fibroblasts, the cell type that synthesizes and maintains the stroma, the structure that underlies the cells of epithelial tissues and regulates their function (Donjacour and Cunha, 1991) . Of particular interest, senescent human fibroblasts develop a secretory phenotype characterized by increased secretion of extracellular matrix remodeling enzymes, inflammatory cytokines and epithelial growth factors (Campisi, 1996; Faragher, 2000; Krtolica and Campisi, 2002) . These secreted molecules can, at least in principle, have a field effect-altering the microenvironment of the surrounding tissue with respect to structure, inflammation status and epithelial function.
Because the senescent phenotype entails functional changes that can alter tissue structure and function, senescent cells-as they accumulate-may progressively promote the decline in tissue structure and function that characterizes aging. It is in this way that the senescence response may be antagonistically pleiotropic-protecting organisms from cancer at young ages, but promoting aging phenotypes at old ages. How much evidence is there for this idea?
6. Testing the hypothesis that gatekeeper tumor suppressors, specifically the senescence response, is antagonistically pleiotropic
The hypothesis that gatekeeper tumor suppressors, and particularly the senescence response, is antagonistically pleiotropic makes a number of predictions, not all of which have been tested experimentally. Here, we review the major predictions and, where applicable, the pertinent experimental results.
Do senescent cells exist and accumulate with age in vivo?
A prime prediction of the above hypothesis is that senescent cells exist and accumulate with age in mammalian tissues. This appears to be the case, with the important caveat that at present we have very few markers with which to identify senescent cells. In addition to the enlarged senescent morphology, one marker that is widely used is a neutral (pH 6) b-galactosidase, termed the senescenceassociated b-galactosidase (SA-Bgal) (Dimri et al., 1995) . The expression of this enzyme correlates strongly, although not exclusively, with the induction of senescence by any of the known senescence-inducing stimuli in a variety of cell types in culture. Because SA-Bgal is easily detected in situ by histochemical staining, it has been used to search for cells with senescent characteristics in vivo. Indeed, such (SABgal-positive) cells have been found in several tissues from humans and rodents. More important, their frequency has been shown to rise with increasing age in human skin, monkey skin and retina, human prostate, rodent kidney, human liver and human vascular endothelium (Dimri et al., 1995; Mishima et al., 1999; Pendergrass et al., 1999; Choi et al., 2000; Ding et al., 2001; Paradis et al., 2001; Vasile et al., 2001; Melk et al., 2003) . Moreover, as discussed below, cells with senescent characteristics have been found at sites of age-related pathology, including atherosclerotic plaques and benign and premalignant lesions of the liver and prostate.
While these studies constitute little more than a 'smoking gun', they at least suggest that senescent cells appear to be present at the predicted times and locations.
Do gatekeeper tumor suppressors promote aging?
Another prediction is that gatekeeper tumor suppressors should promote aging. As noted earlier, genes encoding two tumor suppressor proteins-p.53 and pRB-are pivotal for establishing and maintaining cellular senescence. p53, a multifunctional transcriptional regulator (Sherr, 1998; Prives and Hall, 1999; Ryan et al., 2001; Wahl and Carr, 2001; Hofseth et al., 2004) , is of particular interest because it is dispensable for mammalian embryogenesis and postnatal development, but crucial for preventing cancer. Indeed, most, if not all, malignant tumors harbor mutations in p53 or one of its critical regulators. p53 is also a quintessential gatekeeper tumor suppressor because it is a crucial regulator of both the apoptotic and senescence responses.
Recently, two groups created mouse models with constitutively hyperactive p53 (Tyner et al., 2002; Maier et al., 2004) . p53 acts as a tetramer (Prives and Hall, 1999) . In both mouse models, a truncated form of p53 was ubiquitously expressed, and the truncated forms were thought to form mixed tetramers with wild-type p53. Moreover, indirect evidence indicated that the mixed tetramers were hyperactive relative to tetramers composed solely of wild-type p53.
Consistent with p53's role as a potent tumor suppressor, the mutant mice were strikingly resistant to cancer. Since cancer is a major cause of death in laboratory mice, one might expect the mutant mice to be long-lived. This was not the case, however. Rather, both mutant mouse strains had a modestly shorter life span and displayed multiple signs of premature aging! Moreover, cells from these mice were more prone to undergo apoptosis (Tyner et al., 2002) or (Maier et al., 2004) when stressed in culture. Thus, hyperactive p53 conferred enhanced protection from cancer, but at the cost of accelerated aging, and the accelerated aging was associated with heightened sensitivity to apoptosis and senescence.
How might hyperactive p53 might cause accelerated aging? At least a partial answer to this question was provided by analysis of the mouse model created by Maier et al. In these animals, p53 appeared to upregulate components of the IGF-1 signaling pathway, which delivers mitogenic, survival and metabolic signals to mammalian cells. Supraphysiological IGF-1 signaling, in turn, stimulated a senescence response in cells from these mice. This finding is significant because components of the IGF-1/insulin pathway are among the evolutionarily conserved genes that have been shown to be important positive regulators of aging in diverse species (Guarente and Kenyon, 2000; Finch and Ruvkun, 2001; Bluher et al., 2003; Holzenberger et al., 2003; Rincon et al., 2004) .
Together, these mouse models indicate that hyperactive tumor suppression by p53 promotes apoptosis and cell senescence and accelerates aging, supporting the idea that gatekeeper tumor suppressor functions are antagonistically pleiotropic (Campisi, 2004) .
Do senescent cells promote age-related pathology?
A third prediction is that senescent cells should promote or accelerate the development of age-related pathology.
Although cancer is often studied independent of age, it is in fact a major age-related disease among mammals, age being the largest single risk factor for its development (Miller, 1991; DePinho, 2000; Balducci and Beghe, 2001; Campisi, 2003a Campisi, , 2003b . The age-dependence with which cancer develops is sometimes attributed to the fact that cancer requires the accumulation of multiple mutations (Bishop, 1995; Simpson and Camargo, 1998; Gray and Collins, 2000; Knudson, 2000) , which takes time. However, there is increasing evidence that mutation accumulation alone cannot fully explain why cancer incidence rises so sharply with age. What else is required for the development of cancer? Several decades of cell biology have established that many cells with oncogenic mutations also require a permissive tissue microenvironment in which to progress into a malignant tumor (DePinho, 2000; Park et al., 2000; Bissell and Radisky, 2001; Liotta and Kohn, 2001; Coussens and Werb, 2002) . Of particular importance for the development of epithelial tumors-the major type of age-related cancer that develops in humans-are the interactions between the epithelium and the underlying stroma (Birchmeier and Birchmeier, 1995; DePinho, 2000; Bissell and Radisky, 2001; Chrenek et al., 2001; Liotta and Kohn, 2001; Tlsty and Hein, 2001) .
Recent studies show that senescent stromal fibroblasts can stimulate the hyperproliferation of premalignant, but not normal, epithelial cells in culture (Krtolica et al., 2001; Dilley et al., 2003) . Moreover, senescent fibroblast can stimulate the tumorigenic conversion of premalignant epithelial cells into frankly malignant tumors in vivo (Krtolica et al., 2001) . The phenotype of senescent fibroblasts, described above, strongly resembles that of ''activated stroma'' or carcinoma-associated fibroblasts, both which have been shown to strongly stimulate tumor progression in cell culture models and in vivo (Skobe and Fusenig, 1998; Olumi et al., 1999; Shekhar et al., 2001; Martens et al., 2003) . Interestingly, irradiated fibroblasts, which were likely senescent albeit not explicitly characterized as such, were also shown to promote epithelial tumor progression in vivo (Barcellos-Hoff and Ravani, 2000) .
In many of these cases, the cancer-promoting activity of the senescent or activated stroma was due at least in part to their secretory phenotype (Skobe and Fusenig, 1998; Olumi et al., 1999; Krtolica et al., 2001; Shekhar et al., 2001; Martens et al., 2003; Parrinello et al., submitted for publication) . Thus, the age-dependent accumulation of senescent cells, particularly senescent stromal cells, may synergize with the age-dependent accumulation of mutations, resulting in the rise in epithelial cancers. This idea is consistent with the identification of cells with senescent characteristics at sites of hyperplastic and premalignant lesions (Choi et al., 2000; Paradis et al., 2001; Castro et al., 2003) . It is ironic indeed that an effective early life tumor suppressor mechanism (cellular senescence) can fuel the development of cancer late in life (Campisi, 2003a (Campisi, , 2003b )! Much less is known about whether or to what extent the presence of senescent cells contribute to other age-related pathologies. Cells that express SA-Bgal and lack expression of thymosin-b 10, characteristics of senescent endothelial cells in culture have been found at site of atherosclerosis in human aorta (Vasile et al., 2001) . Given that senescent cells secrete inflammatory cytokines, and that inflammation is thought to be an important contributory factor in atherogenesis, this result is consistent with the idea that senescent cells can initiate or promote age-related vascular disease. Similar types of evidence have implicated senescent cells in the etiology and/or progression of kidney fibrosis and age-related kidney dysfunction (Ding et al., 2001; Melk et al., 2003) , osteoarthritis of the joints (Martin and Buckwalter, 2003) and venous ulcers of the lower extremities (Stanley and Osler, 2001) .
Taken together, these findings support the idea that senescent cells can promote age-related pathologies, but the data thus far are of course still correlative and indirect. In some cases, cell culture and limited in vivo data indicate that senescent cells can promote pathological phenotypes. In other cases, senescent cells appear to be a 'smoking gun' by virtue of their presence.
6.4. Does reversal of the senescent phenotype or elimination of senescent cells prevent or ameliorate age-related pathology?
At present, we know very little about how to reverse the senescent phenotype or how to eliminate senescent cells in
vivo. We do know it is possible to reactivate the growth of some types of senescent cells by inactivating p53 (Gire and Wynford-Thomas, 1998; Beausejour et al., 2003) . Cells that express the p16 tumor suppressor protein, which activates the pRB tumor suppressor, are refractory to reversal by p53 inactivation . We do not yet know how prevalent the p16 block to senescence reversal is in vivo. Whatever the case, inactivation of p53 is not a practical means for reversing the effects of senescent cells in vivo, as this will surely increase the incidence of cancer.
Summary, conclusions and challenges
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